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The structure of 33Si was studied by a one-neutron knockout reaction from a 34Si beam at 98.5
MeV/u incident on a 9Be target. The prompt γ-rays following the de-excitation of 33Si were detected
using the GRETINA γ-ray tracking array while the reaction residues were identified on an event-
by-event basis in the focal plane of the S800 spectrometer at NSCL (National Superconducting
Cyclotron Laboratory). The presently derived spectroscopic factor values, C2S, for the 3/2+ and
1/2+ states, corresponding to a neutron removal from the 0d3/2 and 1s1/2 orbitals, agree with shell
model calculations and point to a strong N = 20 shell closure. Three states arising from the more
bound 0d5/2 orbital are proposed, one of which is unbound by about 930 keV. The sensitivity of this
experiment has also confirmed a weak population of 9/2− and 11/2−1,2 final states, which originate
from a higher-order process. This mechanism may also have populated, to some fraction, the 3/2−
and 7/2− negative-parity states, which hinders a determination of the C2S values for knockout from
the normally unoccupied 1p3/2 and 0f7/2 orbits.
I. INTRODUCTION
The nucleus 34Si is fascinating in many aspects. It is
proposed to exhibit a central proton density depletion,
typically referred to as a “bubble” [1–3], and is also one
of a small number of nuclei that experiences a drastic
reduction of its spin-orbit splitting (here the 1p3/2−1p1/2
splitting) [4] in comparison to the neighboring isotones.
It has the properties of a spherical, doubly-magic nucleus,
e.g. a high 2+1 energy at 3325 keV and the tentative
spherical 2+ state at an even higher energy of 5348 keV
[5, 6], a low B(E2; 0+1 → 2+1 ) value [7], and a drop in
the neutron separation energy (Sn) beyond N = 20 by
about 5 MeV [8]. Its N = 20 gap was corroborated by
the energy of the 4−, 5− states [6].
In addition, 34Si lies at the shore of the island of inver-
sion, where nuclei become deformed. For example, the
nearby 34Al nucleus has ground and intruder configu-
rations separated by only 46.6 keV [9]. It follows that
deformed configurations, shape coexistence [6, 10], and
possibly triaxial shapes were predicted [11] and searched
for [6, 12, 13] in the properties of the first few excited
states of 34Si. The abrupt transition from the closed-shell
ground state of 34Si to the intruder-dominated ground
state of 32Mg [14–16], with only two protons removed
from the 0d5/2 orbit, is attributed to the subtle balance
between the magnitude of the proton and neutron shell
gaps that prevent nuclear excitations and the pairing and
quadrupole correlations that scale with the amount of
particle-hole excitations across these gaps.
In order to investigate the extent of such correlations,
single-nucleon transfer reactions in direct kinematics
have been used for the past decades. These direct re-
actions have allowed one to extract spectroscopic factors
(and hence occupation numbers in the sum-rule limit) of
orbitals below and above the Fermi surface from mea-
sured partial transfer cross sections analyzed with direct
reaction theory. When there is an abrupt drop in the
occupancy of single-particle states above the Fermi sur-
face, this Fermi surface is said to be “stiff”, meaning
that closed-shell effects are large enough to suppress the
effects of correlations. The 40Ca(p, d)39Ca reaction was
used in Ref. [17] to probe the Fermi surface of 40Ca. The
analysis concluded an almost fully occupied 0d3/2 orbital,
with little occupancy of the 0f7/2 (0.14) and 1p3/2 (0.01)
orbits. Moreover, the energy centroids of the 1s1/2 and
0d5/2 hole states in
39Ca were determined to be 2.65 and
6.61 MeV, respectively, upon integrating the identified
fragmented 1/2+ and 5/2+ strength up to 9.2 MeV.
One of the goals of the present work is to investigate the
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2stiffness of the Fermi surface in the unstable 34Si nucleus
by means of the 9Be(34Si,33Si+γ)X one-neutron knock-
out reaction, where γ-ray detection is used to tag the final
state. The energy of the hole states arising from the 1s1/2
and 0d5/2 orbitals will also be characterized. Prior to the
present work, the knockout residue 33Si was studied using
a variety of experimental techniques, e.g. multi-nucleon
transfer [18], β-decay [19], thick-target deep-inelastic re-
actions [20], and a one-neutron knockout reaction [21].
The work of Fifield et al. [18] led to the identification
of excited states at 1.47, 2.0, 3.19, 4.13 and 5.48 MeV
with an uncertainty of about 40 keV, but without spin
assignments. The β-decay experiment of Morton et al.
[19] identified a (3/2+, 5/2+) state at 4341 keV. In addi-
tion, the work of Wang et al. [20] proposed one (9/2−)
state at 3159 keV and two (11/2−) states at 4090 and
4931 keV. In the previous one-neutron removal experi-
ment of Enders et al. [21], the γ-ray energy resolution
was limited by the use of a scintillator array and only two
excited states could be identified and characterized: the
excited 1/2+ (1.01 MeV) and (5/2)+ (4.32 MeV) states
on top of the 3/2+ ground state [21]. No indications of
excitations across the N = 20 gap, such as population
of the excited negative-parity 7/2− state at 1435 keV or
the (3/2)− state at 1981 keV, were observed. This led
the authors to conclude that the N = 20 magicity is well
preserved in 34Si.
In the present one-nucleon removal study, we overcome
some of the limitations encountered in Ref. [21] by
using the high-energy resolution γ-ray tracking array
GRETINA [22, 23]. As in Ref. [21], the exclusive paral-
lel momentum distributions of the 33Si reaction residues,
obtained by gating on γ-ray transitions, were used to
infer the orbital angular momentum (` value) of the re-
moved neutron populating a specific final state. Despite
the short running period, of only two hours, the direct
population of the 3/2− negative-parity valence state, re-
sulting from the partial occupancy of the 1p3/2 orbital, as
well as two new (5/2+) states, corresponding to the neu-
tron removal from the 0d5/2 orbital, were observed. In
addition, the high-j 9/2− and 11/2−1,2 states, first iden-
tified in Ref. [20], were weakly populated in the present
experiment, most probably by a two-step reaction mech-
anism.
II. EXPERIMENTAL PROCEDURE
The rare-isotope beam of 34Si was produced at the Na-
tional Superconducting Cyclotron Laboratory (NSCL)
from the fragmentation of a stable 48Ca beam at 140
MeV/u on a 846 mg/cm2 thick 9Be target. The 34Si
projectiles, produced at an average intensity of 4×105
s−1 and a purity of 70%, were separated from all frag-
mentation products using the A1900 fragment separator
[24? ] with an Al wedge of 300 mg/cm2 thickness. The
time-of-flight difference between plastic scintillators lo-
cated at the extended focal plane of the A1900 and the
Figure 1. (Color online) Identification of fragments using
energy loss and time-of-flight measurements using the S800
focal-plane detectors and plastic timing detectors upstream
of the reaction target. The cleanly identified reaction residue
of interest (33Si) is indicated.
object position of the S800 spectrograph [25] was used
for beam identification. The 34Si beam, at 98.5 MeV/u,
then impinged on a 9Be reaction target (100 mg/cm2) to
produce the 33Si one-neutron knockout residues at a ve-
locity of v = 0.4c. The reaction residues emerging from
the target were identified event-by-event with the S800
spectrograph by means of their energy loss measured in
the S800 ionization chamber located in the focal plane of
the spectrograph and their time-of-flight taken between
two scintillators placed at the object position and the fo-
cal plane of the S800 spectrograph. A typical identifica-
tion matrix is shown in Fig. 1. The two cathode readout
drift chambers (CRDCs) [26] of the focal-plane detection
system were used to reconstruct the trajectories of the
reaction products, including 33Si, from position and an-
gle measurements. The ion optics code (COSY) [27] was
used to generate an inverse map which allowed recon-
struction of the non-dispersive position and momentum
vectors at the S800 target position from the measured
focal-plane parameters.
Prompt γ rays emitted by 33Si were detected with the
GRETINA (Gamma-Ray Tracking In-Beam Nuclear Ar-
ray) array [22, 23] surrounding the 9Be reaction tar-
get. GRETINA was composed of seven detector mod-
ules, each consisting of four high-purity Ge crystals with
36 segments each. Four GRETINA modules were placed
at θlab = 58
◦ and three at θlab = 90◦. The γ-ray detection
angles, derived from the γ interaction positions obtained
via the signal decomposition algorithm of GRETINA,
were combined with the velocity vectors of the 33Si nuclei
to perform event-by-event Doppler reconstruction of the
γ-ray emitted in flight. For this, the γ-ray interaction
point with the highest energy deposition was considered
to be the first hit entering the angle determination for the
Doppler reconstruction. An in-beam energy resolution of
σ ' 2 keV at 1 MeV was obtained. An add-back proce-
dure was performed by summing the energies of several
γ-ray interactions detected within neighboring crystals.
3An absolute in-flight efficiency of 6.5% at 1 MeV was ob-
tained from GEANT4 simulations [28] to account for the
Lorentz boost. The simulation was benchmarked against
standard calibration sources.
The error on the centroid value originates from many
factors among which are the uncertainties on the recon-
structed impact point on target, secondary beam velocity
and detection angle in the GRETINA array. The quoted
uncertainty in Table I, includes both statistical and sys-
tematic errors. The experiment that is presented here is
part of an experimental campaign in which several nuclei
were studied in the same experimental conditions (see
e.g. [2, 29]). A systematic uncertainty on the γ-ray en-
ergy centroid is estimated to be less than 2 keV at 4 MeV
based on the comparison made in prior work using the
same dataset and analysis procedure [2, 29]. Moreover,
we have studied the 36S(-1n)35S experiment as well up to
the neutron emission threshold, providing a broad range
of γ-ray energies. The error bar is based on the compar-
ison between the energies of already known states (with
less than 1 keV error bar) to energies observed in our
work, after having applied the Doppler correction.
III. LEVEL SCHEME
The Doppler-corrected γ-ray spectrum in coincidence
with 33Si is shown in Fig. 2. The corresponding level
scheme, displayed in Fig. 3, was constructed using previ-
ously known information and, when available at sufficient
statistics, γγ coincidence relationships deduced from a
γγ coincidence matrix using add-back. We adopt the
centroid energy values from the literature when reported
with a better precision than the present measurement
[30]. When an observed γ-ray transition is close to or
above the neutron separation energy of Sn=4.5 MeV, it is
tentatively proposed to decay directly to the 3/2+ ground
state. In this level scheme, the transitions marked in
black are expected to originate from the removal of a neu-
tron from the occupied sd- or the pf -shell valence orbits.
Removal from these orbits can directly populate states
up to j=5/2+ or 7/2−, respectively. Transitions shown
in red connect higher-spin states, obviously requiring an-
other reaction mechanism that will be discussed later.
Most of the presently-identified γ rays were perviously
known, except for those discussed in the following.
As shown in the inset of Fig 2, the 931 keV transition
is observed in coincidence with the 1724 keV transition,
which establishes that the (11/2−1 ) state at 4090 keV de-
cays both to the (9/2−) state at 3159 keV and to the
previously observed 10.2 ns isomeric (7/2−) state with
an energy of 2655 keV [20]. This new information on the
competing decay branches strengthens the earlier, tenta-
tive assignment of (11/2−1 ) for the state [20]. A doublet
of states is observed at 4268 and 4347 keV, of which the
4268 keV transition is observed for the first time. The
5442 keV transitions may correspond to the state at 5480
keV identified in Ref. [18]. Interestingly, we observe the
γ decay of two states above Sn (at 4932 and 5442 keV),
states for which the open neutron-decay channel is to the
32Si ground state. Thus, these states are likely to have
structures, or sufficiently large j values (and centrifugal
barriers) that their neutron decay is hindered. The for-
mer is true for the core-coupled (11/2−2 ) state, expected
to contain a negligible ` = 5 single particle component,
and so will overwhelmingly γ decay. For the state at 5442
keV, tentatively assigned (5/2+) with an ` = 2 centrifu-
gal barrier, γ-ray and neutron emission will compete in
the depopulation of the level as will be discussed in Sect.
V C.
The population fraction bf of each level in the reaction,
also indicated in Fig. 3, is obtained from integrating the
γ-ray peak intensities, corrected for efficiency and feeding
of the state by other transitions. In this scheme of γ-ray
tagging, the population of the ground state is obtained by
subtraction of the total excited-state cross section from
the inclusive cross section. The inclusive cross section
was determined from the total number of 33Si knockout
residues divided by the product of the numbers of incom-
ing projectiles and target atoms and was measured to be
σincexp = 116(6) mb. The present value is in agreement
with the value of 123(14) mb obtained by Enders et al.
[21] using the same target material and a slightly lower
beam energy. The contribution of the higher-lying states
(2.8%, with corresponding transitions shown in red in
Fig. 3), was subtracted to obtain a direct knockout cross
section of 113(6) mb.
It is important to note the following points. First, the
bf value of the 7/2
− isomeric state could not be mea-
sured with GRETINA as its lifetime is too long to be
detected in-flight. Therefore, it was deduced indirectly,
as discussed at the end of Sect. V A and shown in the
inset of Fig. 4 g. Secondly, very weakly populated states
and transitions could be missing from the level scheme
presented in Fig. 3. As the sensitivity limit of the present
experiment is about bf 6 1%, one cannot exclude that a
few unobserved transitions below this intensity limit ex-
ist and, therefore, the ground-state population is slightly
overestimated. With a higher sensitivity limit, Enders
et al. [21] did not observe several of the transitions re-
ported here. The reported ground-state population of
54 (13)% is consistent with the value, 50.8 (55)%, re-
ported here. Third, as discussed above, the deduced
unbound 5442 keV state population represents a lower
limit, as it is deduced only from its γ-decay component.
The relative intensities were computed normalized to the
1010 keV transition. The obtained relative intensities
for the 971 keV, 1010 keV, 1724 keV, 1773 keV, 4268
keV, 4347 keV and 5442 keV transitions are 12.6(41)%,
100(8)%, 10.6(39)%, 7.54(60)%, 2.67(24)%, 22.6(45)%
and 1.16(98)% respectively.
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Figure 2. (Color online) Doppler-reconstructed added-back spectra showing γ rays detected using GRETINA in coincidence
with 33Si identified with the S800 focal-plane detectors. The inset shows the γ-ray spectra in coincidence with the 1724 keV
transition.
Table I. Energy, spin and parity, population fraction bf , and partial cross sections of final states populated in the
34Si(-1n)33Si
reaction. Spectroscopic factors deduced from the present work those quoted in Ref. [21] are also shown.
Energy Jpi bf
a σincexp× bf σsp C2Sexp C2S Ref. [21]
[keV ] [%] [mb]
0 3
2
+
50.8 (55) 58.9 (71) 15.1 3.90 (47) 4.5 (7)
1010(1) 1
2
+
22.8 (7) 26.4 (16) 19.7 1.34 (8) 2.0 (3)
1435(1) 7
2
−
9.0 (54) 10.4 (62) 14.4 0.72 (43)b
1981(1) 3
2
−
4.5 (6) 5.2 (7) 14.6 0.35 (5)b
4268(4) ( 5
2
+
) 1.7 (3) 2.0 (3) 13.3 0.15 (3)
4347(4) ( 5
2
+
) 7.6 (5) 8.8 (6) 13.3 0.66 (6) 1.3 (4)
5442(6) ( 5
2
+
) 1.1 (3) 1.2 (4) 12.6 0.10 (3)c
aValues all normalized to 100% of the one-neutron removal reaction.
bUpper limit assuming that these states are only populated by one-neutron knockout. See discussion in Sect. VC
cLower limit based on observed γ transition from state above Sn.
IV. KNOCKOUT REACTION MODEL
CALCULATION
One-nucleon removal reactions from intermediate-energy
beams have been used extensively as tools to deduce
unique spectroscopic information on the dominant pro-
ton and neutron single-particle structures of rare iso-
topes [31]. In such one-nucleon removal reactions, a sin-
gle nucleon, here a neutron, is removed in the grazing
collision of a fast-moving projectile, here 34Si, with a
light target nucleus, here 9Be. The number and momenta
of the fast, forward-traveling 33Si residual nuclei encode
the nuclear structure information of interest. The cross
sections to individual final states scale with the num-
ber of neutrons available to be removed from the rele-
vant orbital and thus offer the opportunity to extract
spectroscopic factors by comparisons to reaction theory.
The shape of the parallel momentum distribution of the
knockout residues is sensitive to the `-value of the orbital
in the ground state of the 34Si projectile from which the
neutron is removed. Since this ground state has spin-
parity 0+, the final state in 33Si characterizes the neutron
orbital involved.
As is usual, the spectroscopic factor for a 33Si final state,
f , resulting from the removal of a neutron with quantum
numbers n, `, j, are deduced from the measured, σfexp (the
fourth column of Table I), and theoretical, σsp, partial
cross sections, using
C2Sexp = bfσ
inc
exp/σsp, (1)
where σincexp is the measured inclusive knockout cross sec-
tion and bf denotes the population fraction for the fi-
nal state f as determined from γ-ray spectroscopy. The
single-particle cross sections σsp(n, `, j, Sn +Ef ) are cal-
culated assuming eikonal reaction dynamics [32]. The
summed spectroscopic factors C2Sexp, that in a sum-rule
5Si33 E [keV]b %f
0.03/2
+
50.8 (5.5)
10101/2
+
22.8 (0.7)
14357/2
–
9.0 (5.4)
19813/2
–
4.5 (0.6)
3159(9/2
–
)0.0 (0.4)
4090(11/2
–
)1.0 (0.3)
4268(5/2
+
)1.7 (0.3)
4347(5/2
+
)7.6 (0.5)
Sn
4932(11/2
–
)1.8 (0.3)
5442(5/2
+
)1.1 (0.3)
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Figure 3. (Color online) Experimental level scheme obtained
in this work.
limit relate to the occupancy of the orbit, have maximum
value (2j+ 1) in the case of a fully occupied orbital with
angular momentum j.
The σsp (see e.g. Ref. [33] for details), the sum of cross
sections from the stripping and diffraction mechanisms,
are computed from the residue- and neutron-target elas-
tic eikonal S matrices using the double- and single-folding
optical limit of Glauber’s multiple-scattering theory, re-
spectively. The residue-target interaction uses the proton
and neutron densities of 33Si from SkX Skyrme Hartree-
Fock (HF) calculations [34]. The 9Be target density is
assumed of Gaussian shape with a rms radius of 2.36 fm.
The bound neutron-33Si orbital wave functions and their
single-particle rms radii being constrained, consistently,
by the corresponding HF calculations [33].
V. RESULTS AND DISCUSSION
A. Momentum distributions
The shapes of the longitudinal momentum distributions,
p‖, of the one-nucleon knockout residues depend on the
` value of the removed neutron [31, 35]. The theoretical
momentum distributions were calculated following Ref.
[36] using the same elastic S matrices, etc. as were used
for the computation of the σsp. Comparisons of these cal-
culated and the measured momentum distributions are
used to characterize the observed 33Si final states.
Some words of caution are in order in making such
comparisons. First, the often-observed low-momentum
tail of the intermediate-energy momentum distributions,
attributed to energy transfers and dissipation in the
collisions with the target nuclei that are not explic-
itly included in the reaction kinematics of the eikonal
model calculation (see e.g. [37]). Hence, only the high-
momentum part of these distributions will be used for
the quantitative comparison.
To account for experimental conditions, the theoretical
shapes were folded with the momentum profile of the
unreacted projectile beam passing through the target to
account for the range of momenta originating from the
spread of the incoming beam and the momentum strag-
gling in the target. Second, as the higher-spin states,
(9/2−) and (11/2−), cannot be populated directly from
the 34Si ground state in a one-step, neutron knockout,
such a comparison is not possible. The distribution for
the highest populated 11/2− state at 4932 keV is shown
for information in Fig. 4(e). Third, for states which
are also populated from higher-lying discrete levels, the
feeding contributions from the higher-lying states were
removed by subtracting its p‖ distribution, scaled by the
relative efficiency for observation of the two γ rays of the
corresponding cascade. Finally, the ground-state distri-
bution was obtained by subtracting the distributions of
all states observed feeding it. Since decay of the 7/2−
isomer could not be directly measured and subtracted,
the experimental ground-state momentum distribution
includes the contribution from the 7/2− isomer, if popu-
lated (see Fig. 4).
The state at 1010 keV is fed from above by the 971 keV
γ ray, whose contribution was subtracted. The p‖ dis-
tribution corresponding to the 1010 keV state, shown in
Fig. 4(a), is consistent with an `=0 neutron removal from
the 1s1/2 orbital, leading to a 1/2
+ assignment, in agree-
ment with Ref. [21]. The momentum distribution corre-
sponding to the 1981 keV state, which decays by the 971
keV γ-ray, seems consistent with an `=1 neutron removal
from the 1p3/2 valence orbital. However, the centroid of
the distribution is shifted by 0.1 GeV/c to lower mo-
menta, suggesting that the 3/2− state may not be exclu-
sively populated by direct neutron knockout (see later
discussion for details). The γ-gated p‖ distributions of
the 4268, 4347 and 5442 keV states agree with both `=1
and `=2 values, with a slight preference of the χ2 fit for
the `=2 assignment, as shown in Fig. 4 (c), (d) and (f),
respectively. As no strong `=1 contribution is expected
in this energy range (which would correspond to signifi-
cant additional p-wave strength), we propose that these
states arise from the removal of an `=2 neutron from
the 0d5/2 orbital, leading to the corresponding 5/2
+ hole
states in 33Si.
A two-component fit of the experimental p‖ distribution
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Figure 4. (Color online) panels (a) to (f) : Experimental mo-
mentum distributions and calculated one-neutron knockout
momentum distributions for individual excited states states of
33Si. The distributions are fitted between 14.22 to 14.6 MeV/c
(delimited by arrows on the top panel) so as to exclude the
low-momentum tail whose shape cannot be described by the
eikonal model. (g) Experimental momentum distributions for
the ground state of 33Si along with best fit of the calculation
of one neutron knockout with L=2 and L=3 components. The
inset shows the χ2 minimization as function of the fraction of
the L=3 component.
of the ground state, including `=2 and `=3 contributions,
is shown in Fig. 4(g). The best fit was obtained for a
`=3 contribution of 15(9)%. The `=2 assignment for the
ground state is consistent with its 3/2+ configuration,
corresponding to a hole in the neutron 0d3/2 orbital. The
additional (weak) `=3 fraction likely corresponds to a
contribution from the 7/2− isomeric state at 1435 keV
whose γ-ray decay is delayed and, therefore, could not be
observed with prompt γ-ray spectroscopy at the target
location.
B. Spectroscopic Factors
The occupancy of an orbital with quantum numbers
n, `, j from nucleon removal reactions is derived from the
sum of the C2Sexp values corresponding to the j
pi final
states. The challenge of determining absolute spectro-
scopic factors/occupancies is long standing. From a mea-
surement point of view, it is experimentally difficult to
collect all of the C2Sexp strength, especially in removals
of deeply-bound orbitals that in general lead to both
particle-bound and particle-unbound final states, so the
occupancy values derived rarely reach the maximum for
a given orbital. Related to this, there is evidence of the
need for a quenching of deduced C2Sexp, by of order 0.6-
0.7, relative to independent-particle model expectations
from (e, e′p) reaction measurements on stable nuclei (see
e.g. Refs. [38, 39]). This effect is generally attributed
to short- and longer-range correlations that fragment the
spectroscopic strengths to higher energy/momenta and
orbitals, with the result that a fraction of strength lies:
(a) beyond experimental detection, and (b) typically out-
side the truncated model spaces of shell-model calcula-
tions. For rare isotopes studied using 9Be-target-induced
knockout reactions, as used here, it is observed [32] that
a reduction factor Rs = σ
inc
exp/σ
inc
th , derived as the ratio
of the measured inclusive cross-section to the calculated
eikonal model cross-section to all bound shell-model final
states, is dependent on the asymmetry of the projectile’s
proton and neutron separation energies. That is, that
the reaction model used here, combined with shell model
spectroscopic factors, predicts too much cross section to
bound final states. From the systematics of [32], one
would expect Rs = 0.8(2) when using an appropriate
shell-model in the present case. This will be discussed
in the context of the shell-model calculations presented
in Section V D. In the N = Z, 40Ca(p, d)39Ca trans-
fer reaction case of Ref. [17], involving the isotone of
33Si, the normalization was achieved so that the summed
number of the neutrons in the 1s1/2, 0d3/2 and 0f7/2 or-
bits was equal to 6. Thus, despite the asymmetry and
reaction mechanism differences in the two experimen-
tal approaches, the normalizations appear approximately
equivalent. We will discuss and compare occupancy val-
ues for the two works.
As shown in the second to last column of Table I,
the spectroscopic factor deduced for the ground state,
7C2Sexp=3.90(47), corresponds to a fully occupied 0d3/2
orbital, which can hold up to 4 neutrons, with an expec-
tation that no other 3/2+ state with significant strength
is present. A similar value of 3.74(20) was obtained for
neutron removal to the ground state of 39Ca [17] using
the (p, d) neutron pickup reaction. Taken at face value,
this suggests that the 40Ca and 34Si closed-shell neutron
cores may be similar.
The value obtained for the 1/2+ state, 1.34(8), is lower
than the full occupancy of the 1s1/2 orbital, and smaller
than the value of 1.64(15) for 39Ca. This smaller C2Sexp
value suggests either the presence of another 1/2+ state
at higher excitation energy and/or the depletion of the
1s1/2 orbital through population of the valence fp shell.
We found no evidence of a second, bound 1/2+2 state,
which may be neutron unbound. As to the second hy-
pothesis, a possible migration of neutrons to the upper fp
orbits, one has to ask why this would occur more signifi-
cantly from 1s1/2 rather than from the less deeply-bound
0d3/2 orbit, making this explanation less likely.
Being located well below the Fermi surface, the 0d5/2
strength is expected to be fragmented and hence not
observed in a single state. Three (5/2+) states are
proposed, corresponding to a summed C2Sexp value of
0.91(5). As the 5442 keV state is unbound, its deduced
value of 0.10(3), from its γ decay branch, is a lower limit.
As compared to the case of 39Ca [17], the summed 5/2+
strength is of similar magnitude, at about 5.1 MeV.
We now focus the discussion on the valence states. The
C2Sexp-values for the 7/2
− (0.72(43)) and 3/2− (0.35(5))
states indicate a rather large neutron occupation of the
0f7/2 and 1p3/2 valence orbits in
34Si. As such, this
finding is hardly compatible with the almost full occu-
pancy of the 0d3/2 and the non negligible occupancy of
the 1s1/2 orbital. For comparison, smaller C
2S values
have been found for the valence states in 39Ca : 0.14 for
the 7/2− and 0.01 for the 3/2− states. As will be shown
in Sect. V D, shell-model calculations agree very well with
the C2Sexp of the 3/2
+ and 1/2+ states, but predict sig-
nificantly smaller occupation numbers for the 7/2− and
3/2− states, in agreement with what was reported for the
case of 39Ca.
C. Discussion on the production of negative-parity
states
Direct, one-step neutron knockout from the occupied
sd-shell orbits in 34Si will populate positive-parity final
states. Depending on the fraction of neutron pairs scat-
tered from the sd-shell to the valence 1p3/2 and 0f7/2
orbits, 3/2− and 7/2− final states may also be directly
populated. However, the population of negative-parity
states with spin and parity (11/2−), spins supported by
the observation of their decay branches, is also observed
in 33Si with a branch, bf , of up to a few percent. This
is indicative of a higher-order reaction mechanism con-
tribution.
Such a contribution was also observed and discussed in
the 36S(-1p) and 34Si(-1p) proton knockout experimental
studies of Mutschler et al. [2, 29]. Similarly, positive-
parity states populated from sd-shell knockouts were ex-
pected, exclusively. There, negative-parity states were
identified in 35P comprising 4.7(9) % of the inclusive
cross section. The centroids of the residue momentum
distributions for these states were also shifted to lower
values, pointing to production by another mechanism.
In the 34Si(-1p) experiment [2], the deduced feeding of
negative-parity states was 7.7(11) % [40].
In the current work, Fig. 3, the measured quantitative
indication of a higher-order contribution is the approx-
imately 2.8 % of the intensity attributed to the 11/2−
negative-parity states. Based on the other available ex-
periments, discussed above, one might speculate that an
additional fraction of ' 4-5 % of the cross section could
involve the population of other states by indirect mecha-
nisms, including 7/2− and/or 3/2− states. The deduced
bf value for the 7/2
− isomeric state, 9.0(54) %, is very
uncertain and compatible with zero at less than 2σ. Fur-
ther, as the momentum distribution of the 7/2− isomer
could not be disentangled from that of the ground state,
we cannot determine whether the 7/2− isomer population
is in part due to higher-order mechanisms. The percent-
age population for the 3/2− state, of 4.5(6) %, is clearly
of the same order as observed higher-order contributions.
Such a component would be consistent with the observed
shift in the 3/2− state momentum distribution centroid
to lower momentum relative to the positive-parity states,
as is shown in Fig. 4(b) and discussed in Sect. V A.
So, one may speculate that a fraction, perhaps as much
as half, of the small occupancies of the fp-shell orbits de-
duced assuming only a direct knockout mechanism, are
actually the result of undetermined, higher-order path-
ways. We comment that the experiments cited above
[2, 29] were proton knockout reactions, while the current
work is a neutron knockout reaction. Thus, depending on
the higher-order mechanism(s) involved, estimated con-
tributions could differ.
In concluding this discussion, we note also that in re-
cent one-proton and one-neutron removal studies on 56Ni,
core-coupled final states in 55Ni and 55Co with complex
structures, of 2+1 (
56Ni) ⊗f−17/2 character, were observed
to be weakly populated, having shifted momentum dis-
tributions [41]. This suggests mechanisms involved in the
high-spin states population may include nucleon knock-
out from an excited state of the projectile [29, 37, 41].
Continued experimental advances from earlier, more in-
clusive data limitations to higher-statistics, final-states-
exclusive cross sections and, importantly, their momen-
tum distributions thus begin to allow such contributions
to be identified and quantified. This is important to
better determine the (dominant) direct knockout contri-
butions and the associated deduced single-particle spec-
troscopy.
8D. Comparison with Shell Model Calculations
Shell model calculations have been performed using the
sdpf valence space in order to predict the energy, spin
and C2S values of the levels populated in 33Si from the
neutron knockout reaction. The effective interaction used
is a refinement of the sdpf-u-mix interaction [42]. In par-
ticular, the proton-neutron monopole interaction incor-
porates more constraints on details of the underlying sin-
gle particle behavior in order to reproduce the observed
3/2− and 7/2− crossing and location of the pf intruder
orbitals in 27Ne, 29Mg and 31Si. In the meantime, the
neutron-neutron monopole interaction has been adjusted
to leave the physics of the N=20 island of inversion un-
changed.
As shown in Table II, most of the predicted states (ex-
cept the 1/2+2 and 3/2
+
2 ) are observed and their ordering
is correct. The energies of the first two excited states are
predicted to be slightly too low: the 1/2+ is calculated
at 750 keV, compared to 1010 keV, and the 7/2− at 1.35
MeV, compared to 1.435 MeV. The calculated and exper-
imental energies of the 3/2− agree within 60 keV, while
the first calculated 5/2+ state, with a significant C2S
value, appears at 4.29 MeV, comparable to the value of
4.347 MeV reported in the experiment.
The calculated ground state C2S=3.33 value is smaller
than that deduced experimentally, 3.90(47). However,
adding the 3/2+2 state strength, not observed experimen-
tally, the summed spectroscopic strength of the 0d3/2 or-
bit is 3.5, close to the experimental value. This 3/2+2 has
not been observed experimentally. Either it has a much
weaker C2S value, which would indicate that the 3/2+
strength is less fragmented than is calculated, or/and the
3/2+2 state decays through various transitions, reducing
its chance to be observed.
The calculated C2S of the 1/2+ state, 1.46, is in rel-
atively good agreement with the experimental value of
1.34(8). Adding the C2S value of 0.47 of the 1/2+2 at
4.4 MeV leads to a summed spectroscopic strength of
1.93, close to the sum rule value of 2. The 1/2+2 state
is predicted to lie just 100 keV below the neutron emis-
sion threshold. It has not been observed experimentally,
which may mean this `=0 state is located above and not
below the neutron threshold, decaying by neutron emis-
sion.
The theoretical C2S values of the 7/2− and 3/2− states,
0.13 and 0.015, respectively, are significantly smaller than
the experimental ones. As discussed in the previous sec-
tion, this supports the suggestion that part of the popu-
lation of these weaker states is by a higher-order reaction
mechanism.
The three 5/2+ states reported here, one of which is
about 940 keV above Sn, all decay directly to the 3/2
+
ground state. This decay pattern suggests that these
states decay by M1 transitions, as is expected between
spin-orbit partner states. Three 5/2+ states are also cal-
culated up to 5 MeV, among which one state carries a
large C2S value of 2.24. Their summed value is 2.55
Table II. Comparison of experimental and shell-model cal-
culations of energies and C2S values. The theoretical partial
cross sections to the bound shell model final states are also
shown.
Jpi Eexp Eth C
2Sexp C
2Sth σth
[MeV ] [MeV ] [mb]
3/2+ 0 0 3.90(47) 3.33 53.50
1/2+ 1.010 0.75 1.34(8) 1.46 29.49
7/2− 1.435 1.35 0.72(43) a 0.13 1.88
3/2− 1.981 1.92 0.35(5) a 0.015 0.23
3/2+2 3.27 0.17 2.12
5/2+ 4.268 3.90 0.15(3) 0.067 0.91
5/2+ 4.347 4.29 0.66(6) 2.24 29.73
1/2+2 4.41 0.47 7.18
5/2+ 5.442 5.09 0.10(3) 0.24
5/2+ - 5.81 0.40
aValues may be overestimated due to a contributions from
higher-order processes (see discussion in Sect.VC).
up to 5.1 MeV, almost half of the expected occupancy
of the 0d5/2 orbital. Experimentally, the summed value
reaches only 0.91(5). Unfortunately, as only a lower limit
can be obtained for the observed unbound state at 5.442
MeV, a more quantitative comparison with theory is not
possible. Such a comparison would have provided useful
information on the amplitude of the neutron 0d3/2−0d5/2
spin-orbit splitting and its comparison to theory. To as-
sess the possible reduction of the neutron 0d3/2 − 0d5/2
splitting between 39Ca and 33Si, another experimental
technique, such as 34Si(p, d)33Si, must be used to iden-
tify the unbound 5/2+ states in 33Si.
One can, however, estimate the fraction of the 5.442 MeV
decay that proceeds by neutron decay, rather than γ-ray
emission, to constrain the fraction of C2S value missing
for the 5.442 MeV state. A partial width of 180 keV, or
2.7·1020 s−1, is calculated using a Woods Saxon poten-
tial and an `=2 neutron tunneling through the centrifu-
gal barrier. This value should be multiplied by the C2S
value for the decay of this state to the 32Si ground state,
which is of the order of 10−3 (with a rather large uncer-
tainty). Taking this value, one obtains a partial neutron
decay lifetime of 2.7·1017 s−1. The B(M1) values corre-
sponding to the decays of the three 5/2+ states are 0.176,
0.225 and 0.063 µ2N at 3.4, 3.69 and 5.0 MeV, respectively.
Taking the fastest calculated B(M1) value of 0.22 µ2N , it
corresponds to 2·1014 s−1. Thus, the neutron emission is
expected to be much faster than the γ-decay, by about 3
orders of magnitude. Given this dominance of the neu-
tron decay branch, it follows that C2S to the 5.442 MeV
level must be large in order to allow observation of its
γ-ray partial decay branch.
Finally, given the shell model calculations of Table II,
we can also now compute the quenching factor Rs for
this case. That is, the ratio of the measured and theo-
retical inclusive knockout cross sections to states up to
the Sn value of 4.5 MeV. The experimental value is de-
rived from the observed cross section σincexp=116(6) mb to
9all observed states, from which we subtract: (i) 3.2(4)
mb from the feeding of the two 11/2−1,2 states, due to a
higher-order mechanism, and (ii) 1.25(35) mb from the
feeding of the unbound 5/2+ state at 5.44 MeV. In the ab-
sence of further diagnostics, we neglect possible contribu-
tions from higher-order processes to the 7/2− and 3/2−
states. The cross section to these two states (Table I)
is 15.6(6) mb. The resulting experimental cross section
is 111 ± 7 mb. With the calculated inclusive knockout
cross section, from Table II, of σincth =125 mb, we obtain
Rs = 0.89(6), which is consistent with the systematics for
other systems [32]. The overall effective neutron separa-
tion energy, derived by weighting the separation energy
to each bound shell-model final state by its partial cross
section, is 9.07 MeV, and hence the neutron-proton sep-
aration energy asymmetry [33] is ∆S = −9.71 MeV. It
is of considerable interest to understand the origins of
this Rs suppression, the detail of which may differ for
each projectile and reaction. In this case, and with the
presented shell-model calculation, the measured and cal-
culated 3/2+ and 1/2+ cross sections are in broad agree-
ment and, primarily, the Rs suppression is the result of
significant additional shell-model spectroscopic strength
generating large cross sections to bound 5/2+ final states,
30.6 mb theoretically, compared to the measured value of
10.8 mb. In the absence of detailed spectra, as available
here, Rs has sometimes been applied as an overall renor-
malization of the calculated partial cross sections prior
to the extraction of experimental spectroscopic factors.
Our analysis gives no justification for using Rs in this
way for the 33Si case and this was therefore not done in
Section IV.
VI. CONCLUSIONS
The one-neutron knockout reaction 9Be(34Si, 33Si +γ)X
has been used to populate excited states in 33Si, with
the goal of probing the Fermi surface of 34Si. Spec-
troscopic factors of orbits bounding the N = 20 gap
were derived from the partial cross sections to individ-
ual states, mostly obtained from the detection of their
γ-ray transitions with the GRETINA array. Spin assign-
ments were proposed by comparing the measured, exclu-
sive parallel momentum distribution to calculated ones
using eikonal reaction dynamics. As for the normally oc-
cupied states below the Fermi surface, the C2S values of
the 3/2+ ground state and 1/2+ first-excited state agree
reasonably well with shell-model calculations, pointing
to a strong N = 20 shell closure. Two new states with
(5/2+) assignment, likely corresponding to a neutron hole
in the more deeply-bound 0d5/2 orbital, are identified,
one of which lies about 1 MeV above the neutron emis-
sion threshold. Owing to its likely high partial neutron
decay probability, a direct comparison between experi-
mental and calculated (5/2+) strength is not straightfor-
ward.
Thanks to the sensitivity of GRETINA, this experiment
has also reconfirmed the weak population of states (with
up to a few percent of the inclusive cross section) which
cannot originate from a single-step one-neutron removal
from the projectile ground state. In particular, the pop-
ulation of two high-j negative-parity states with 11/2−
assignment is clearly evidenced through their decays to
the lower-lying 9/2− and 7/2− states. This observation,
together with a downshift observed for the 3/2− parallel
momentum distribution and the lack of the 7/2− momen-
tum distribution for similar diagnostics, casts uncertainty
on the population of the other negative-parity states,
7/2− and 3/2−, as resulting from a pure knockout reac-
tion from partially filled 0f7/2 and 1p3/2 orbits, respec-
tively. We, therefore, caution that, when aiming at a per-
centage level of precision in the determination of weaker
spectroscopic factors from knockout reactions, sufficient
statistics and momentum resolution are required for the
extraction of accurate exclusive momentum distributions
that allow the tell-tale identification of weak, presumably
higher-order processes from a downshift in these distri-
butions.
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